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332A new aortic injury score predicts early rupture
more accurately than clinical assessment
Donald G. Harris, MD,a Joseph Rabin, MD,a,b Joseph A. Kufera, MA,c Bradley S. Taylor, MD, MPH,a,d
Rajabrata Sarkar, MD, PhD,a,d James V. O’Connor, MD,a,b Thomas M. Scalea, MD,a,b,c and
Robert S. Crawford, MD,a,d Baltimore, Md
Objective: The optimal timing for repair of a high-grade blunt thoracic aortic injury (BTAI) is uncertain. Delayed repair is
common and associated with improved outcomes, but some lesions may rupture during observation. To determine
optimal patient selection for appropriate management, we developed a pilot clinical risk score to evaluate aortic stability
and predict rupture.
Methods: Patientspresenting in stable conditionwithSociety forVascular Surgery grade IIIor IVBTAIdiagnosedon computed
tomography (CT) were retrospectively reviewed. To determine clinical and radiographic factors associated with aortic rupture,
patients progressing to aortic rupture (deﬁned by contrast extravasation on CT or on operative or autopsy ﬁndings) were
compared with those who had no intervention #48 hours of admission. A model targeting 100% sensitivity for rupture was
generated and internally validated by bootstrap analysis. Clinical utility was tested by comparison with clinical assessment by
surgeons experienced in BTAImanagementwhowere providedwith CT images and clinical data but were blinded to outcome.
Results: The derivation cohort included 18 patients whose aorta ruptured and 31 with stable BTAI. There was no dif-
ference in age, gender, injury mechanism, nonchest injury severity, blood pressure, or Glasgow Coma Scale on admission
between patient groups. As dichotomous factors, admission lactate >4 mM, posterior mediastinal hematoma >10 mm,
and lesion/normal aortic diameter ratio >1.4 on the admission CT were independently associated with aortic rupture.
The model had an area under the receiver operator curve of .97, and in the presence of any two factors, was 100% sensitive
and 84% speciﬁc for predicting aortic rupture. No aortic lesions ruptured in patients with fewer than two factors. In
contrast, clinical assessment had lower accuracy (65% vs 90% total accuracy, P < .01).
Conclusions: This novel risk score can be applied on admission using clinically relevant factors that incorporate patient
physiology, size of the aortic lesion, and extent of the mediastinal hematoma. The model reliably identiﬁes and distin-
guishes patients with high-grade BTAI who are at risk for early rupture from those with stable lesions. Although pre-
liminary, because it is more accurate than clinical assessment alone, the score may improve patient selection for emergency
or delayed intervention. (J Vasc Surg 2015;61:332-8.)Blunt thoracic aortic injury (BTAI) is a leading cause of
death after blunt trauma.1,2 Since Parmley et al3 described
the natural history as progression to rupture, traditional man-
agement has been emergency repair.1 Recently, treatment
with b-blockade has facilitated nonoperative management of
patients with minimal aortic lesions4-7 or with major concur-
rent injuries.8-10 Applied more broadly, medical managementthe Department of Surgery,a R Adams Cowley Shock Trauma
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://dx.doi.org/10.1016/j.jvs.2014.08.007has enabled more patients with advanced aortic lesions to un-
dergo delayed aortic repair, which is associated with improved
outcomes compared with early intervention.11-14 However,
appropriate patient selection remains challenging and must
balance poorer outcomes associated with emergency repair
against the risk of aortic rupture.
Multiple radiographic grading systems exist to stratify
the severity of aortic injuries.9,15-17 Although some scales
incorporate BTAI size and secondary signs of aortic injury,
such as mediastinal hematoma, none include patient phys-
iology or assess the stability of the lesion. As such, none of
the current systems quantify a lesion’s risk of rupture. Such
an objective instrument could help guide patient selection
for early vs delayed intervention. The purpose of this study
was to develop and test an aortic injury risk score that pre-
dicts early rupture based on patient physiology, lesion char-
acteristics, and secondary signs of aortic injury. We
hypothesized unstable and stable BTAI can be discrimi-
nated at admission using objective criteria with greater ac-
curacy than the traditional clinical assessment.
METHODS
This study was a retrospective analysis performed
at the University of Maryland Shock Trauma Center,
Fig 1. Radiographic factors included in the risk model were (A) blunt traumatic aortic injury (BTAI) lesion maximal
width, (B) normal aortic diameter, and (C) width of the dependent mediastinal hematoma along the descending
thoracic aorta.
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Volume 61, Number 2 Harris et al 333a high-volume level 1 trauma referral facility. The Univer-
sity of Maryland, Baltimore Institutional Review Board
approved the study, with the need for patient consent
waived given the retrospective design. Some of the patients
in analysis have been included in other BTAI studies from
our institution,14,18 including a recent injury grading
scheme.9 However, the purpose and methodology of this
study was distinct from our previous work.
For patients with signs of blunt trauma or a signiﬁcant
mechanism of injury, institutional practice after initial
resuscitation includes high-resolution computed tomogra-
phy (CT) with a protocol that includes contrast aortog-
raphy to screen for BTAI.19 Despite evolution in CT
technology and applications, highly sensitive and liberal
screening was used throughout the study period.20
Patients diagnosed with aortic injury are managed by
the trauma service in consultation with a joint cardiac
and vascular surgery team.18 Standard medical therapy un-
til delayed repair includes b-blockade and antihypertensive
adjuncts targeting a mean arterial pressure #80 mm Hg,
systolic blood pressure between 100 and 120 mm Hg,
and a heart rate between 60 and 80 beats/min, unless con-
traindicated by concurrent injuries.9,14 Aortic intervention
is performed by open repair through a left thoracotomy,
with distal aortic perfusion by atrial-femoral or femoral-
femoral bypass, or by thoracic endovascular aortic repair,
which has been the primary modality at our institution
since the mid-2000s.1,9,18,21
Patients presenting with BTAI from 2000 to 2013
were identiﬁed from a prospectively maintained institu-
tional trauma registry, and clinical records and admission
CT scans were reviewed. Clinical parameters included
admission vital signs, laboratory values, and injury severity
scores. Admission stability was deﬁned as an initial systolic
blood pressure $90 mm Hg or an appropriate response to
ﬂuid resuscitation, maintained to enable triage to undergo
CT. CT measurements of the lesion and the extent of the
mediastinal hematoma included maximum lesion axial
diameter and coronal length, widest hematoma thickness
at the aortic arch and descending aorta, and aortotracheal
displacement (Fig 1). For patients not undergoing immedi-
ate planned repair, the interval between the CT scan anddecompensation was noted from resuscitation or surgical
records.
Aortic lesions were graded by the Society for
Vascular Surgery (SVS) scheme as grade I: intimal tear,
grade II: intramural hematoma, grade III: traumatic
pseudoaneurysm, and grade IV: full-thickness disrup-
tion.17 Grade III and IV lesions were classiﬁed as
high-grade, and aortic rupture was deﬁned as an SVS
grade IV lesion, as determined by active contrast extrav-
asation on CT or by full-thickness aortic disruption
found at surgery or autopsy.
Inclusion criteria for risk modeling were admission in
stable condition with a high-grade BTAI on the admission
CT and progression to aortic rupture (rupture group) or
survival for 48 hours without aortic repair (stable group).
Although some patients with high-grade injuries
treated <48 hours likely had some features associated
with aortic stability, they were excluded to eliminate selec-
tion bias. Also excluded were all other patients, including
those in extremis, who did not undergo CT or who were
diagnosed with low-grade lesions. Predeﬁned standards
for the risk score were 100% sensitivity for aortic rupture,
maximum discrimination between the rupture and stable
groups, and incorporation of clinically relevant physiologic
and radiographic components.
To enable classiﬁcation as high risk or low risk,22 indi-
vidual continuous factors were dichotomized using cutoffs
to achieve $66% sensitivity for aortic rupture, and those
with a Fisher exact test P value of <.25 were evaluated
for inclusion. Factors were categorized as measuring pa-
tient physiology, the size of the aortic lesion, or the extent
of the mediastinal hematoma. The most signiﬁcant factor
from each group was included in multivariable logistic
regression analysis to verify independence of the compo-
nents, and a simpliﬁed ratio of their b-coefﬁcients was
used to weight each variable. The aggregate score was
the sum of these components, and a test-positive threshold
was established to achieve the predeﬁned test characteris-
tics of 100% sensitivity and optimal speciﬁcity.
The ﬁnal model was internally validated by bootstrap
analysis, which discerns the accuracy of the statistical esti-
mates from the original sample by repeated sampling of
Table I. Characteristics of stable and rupture groups
Variablea Stable (n ¼ 31) Rupture (n ¼ 18) P
Admission factors
Time to admission, hours 1.06 6 0.38 1.05 6 0.55 .94
Age, years 45 6 22 48 6 19 .63
Male 21 (68) 14 (78) .53
Motor vehicle crash 20 (65) 10 (56) .54
Motorcycle collision 6 (19) 2 (11) .69
Pedestrian struck 3 (10) 3 (17) .66
Physiology and injury severity
MAP, mm Hg 83 6 19 84 6 27 .93
Heart rate, beats/min 111 6 34 108 6 34 .81
Hemoglobin, g/dL 11.9 6 1.8 11.9 6 2.2 .94
Lactate, mM 4.4 6 2.5 6.7 6 2.9 .007
Glasgow Coma Scale 11 6 5 9 6 5 .42
Nonchest ISS 30 6 13 26 6 12 .26
Revised Trauma Score 6.2 6 2.0 5.7 6 2.3 .39
Admission CT
PSA maximum height, mm 21 6 10 42 6 17 <.0001
PSA maximum diameter,b mm 30 6 6 36 6 11 .02
Normal aorta diameter,c mm 23 6 5 21 6 4 .20
Aortotracheal displacement, mm 33 6 2 6 6 4 .002
Arch hematoma, mm 6 6 10 19 6 14 .004
DTA hematoma,d mm 6 6 4 17 6 6 <.0001
CT, Computed tomography; DTA, descending thoracic aorta; ISS, injury severity score; MAP, mean arterial pressure; PSA, pseudoaneurysm.
aContinuous variables are shown as mean 6 standard deviation and categoric variables as number (%).
bDemonstrated in Fig 1, A.
cAs measured distal to the lesion, demonstrated in Fig 1, B.
dDemonstrated in Fig 1, C.
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ated by randomly selecting a study patient with replace-
ment from the original sample, continuing until a new
data set of the same size as the original derivation cohort
was created, and by computing sample means of the
deﬁned model components. This was repeated until 1000
bootstrapped samples of the original sample were created,
and 95% conﬁdence intervals for each component and
the aggregate model were computed by ranking the boot-
strapped values.
Overall accuracy was assessed by the area under the
receiver operating characteristic curve (AUROC) for the
model and by the fraction correct at the optimized aggre-
gate score threshold.22 To determine clinical utility and
compare the model against standard clinical assessment,
practicing vascular surgeons who had experience managing
BTAI and were blinded to patient outcomes were shown
the deidentiﬁed clinical and radiographic data considered
for the model. Each rupture (true positive) and stable
(true negative) patient was classiﬁed as high risk or low
risk for progression to rupture. The average sensitivity
(proportion of true positives classiﬁed as high risk), speci-
ﬁcity (proportion of true negatives classiﬁed as low risk),
and accuracy (proportion of true positives þ true negatives)
for clinical assessment was calculated and compared with
the performance of the model.
RESULTS
During the study period, 284 patients had BTAI, and
49 (18 rupture, 31 stable) were included for risk modeling.All CT studies were of high enough quality to enable accu-
rate measurements with consistent precision. One rupture
patient had an aortic laceration, whereas the remaining
48 patients had traumatic pseudoaneurysms. The rupture
and stable patients had similar intervals between injury
and admission (1.1 6 0.6 vs 1.1 6 0.4 hours; P ¼ .94).
Except for signiﬁcantly higher serum lactate values among
rupture patients, the groups had similar demographics,
mechanisms of injury, admission physiology, and non-
thoracic injuries (Table I). Rupture patients had larger
aortic lesions and more extensive mediastinal hematomas.
Three of the 18 rupture patients (17%) had active
contrast extravasation noted on CT and successfully under-
went immediate repair. The remaining 15 progressed to
aortic rupture with clinical decompensation after a median
interval of 64 minutes (interquartile range, 44-124 mi-
nutes). Three ruptured during exposure for planned open
aortic repair, and 12 ruptured and died before the aortic
intervention. Of the latter, three underwent laparotomy
and decompensated intraoperatively, necessitating thora-
cotomy, six decompensated in the trauma bay and under-
went resuscitative thoracotomy, and one was veriﬁed by
autopsy. From the stable group, nine patients were treated
nonoperatively, three underwent open repair, and 19 un-
derwent thoracic endovascular aortic repair. Overall inpa-
tient and aortic-speciﬁc mortality rates were 89% and
83%, respectively, for the rupture group, and 23% and 0%
among stable patients.
Eight dichotomous factors were associated with
aortic rupture with $66% sensitivity and a Fisher P < .25
Table II. Dichotomized admission factors analyzed for model inclusion
Factor þThreshold Ruptureþ, No. (%) Stableþ, No. (%) Fisher P
Clinical
Heart rate >105 beats/min 12 (67) 15 (48) .24
Lactate >4 mM 14 (78) 14 (45) .04
Aortic lesion
PSA height >30 mm 12 (71) 5 (16) .01
PSA diametera >35 mm 8 (47) 5 (16) .04
PSA e aortic diameter >10 mm 12 (67) 5 (16) .001
PSA/aorta diameter ratio >1.40 14 (82) 6 (19) <.001
Mediastinal hematoma
Aortotracheal displacement > 4 mm 13 (72) 8 (26) .003
Arch hematoma > 15 mm 13 (72) 4 (13) <.001
DTA hematomab > 10 mm 15 (83) 5 (16) <.001
DTA, descending thoracic aorta; PSA, pseudoaneurysm.
aDemonstrated in Fig 1, A.
bDemonstrated in Fig 1, C.
Table III. Final components of the aortic risk model and their individual test characteristics for identifying aortic rupture
Characteristic Lactate >4 mM PSA/aorta diameter ratio >1.4 DTA hematoma >10 mm
b-Coefﬁcient 0.29 0.31 0.53
Multivariable P .002 .003 <.001
OR (95% CI) 1.3 (1.1-1.6) 1.4 (1.1-1.7) 1.7 (1.4-2.1)
% Sensitivity (95% CI) 78 (58-96) 83 (63-100) 83 (62-100)
% Speciﬁcity (95% CI) 55 (38-73) 81 (67-93) 84 (71-96)
Model weight 2 2 3
CI, Conﬁdence interval, DTA, descending thoracic aorta; OR, odds ratio; PSA, pseudoaneurysm.
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normal aortic diameter ratio >1.4, and mediastinal hema-
toma thickness along the descending thoracic aorta
>10 mm were included in the ﬁnal model, and each
remained independently signiﬁcant after combined multi-
variable analysis (Table III). In the rupture group, three
factors were present in seven patients (40%) and two factors
were present in 11 (60%). In the stable group, 11 patients
(36%) had none of the risk factors, 15 (48%) had one fac-
tor, and ﬁve (16%) had two factors. The weighted factors
yielded a possible aggregate score between 0 and 7, with
rupture and stable groups having mean scores of 6 6 1
and 2 6 2 points, respectively (P < .001; Fig 2).
The ﬁnal model was highly accurate for discriminating
between rupture and stable patients, with a direct AUROC
of 0.97 and an estimated AUROC of 0.98 (95% conﬁdence
interval, 0.94-1) by bootstrap analysis (Fig 3). At an aggre-
gate score threshold of $4 points as positive for aortic
rupture, 18 rupture (100%) and ﬁve stable (16%) patients
were test-positive for high risk of progressing to rupture
(P < .001). This yielded 100% sensitivity for aortic rupture
(negative predictive value of 100%), 84% speciﬁcity, and to-
tal accuracy of 90%. Operationally, the model predicted
aortic rupture in the presence of any two of the three fac-
tors (Fig 4). Finally, in contrast to the model’s perfor-
mance, clinical assessment by nine blinded vascular
surgeons was signiﬁcantly less accurate for identifying and
discriminating stable and unstable lesions, with total accuracyof 65% vs 90% (P< .01) vs the riskmodel (73% sensitivity and
61% speciﬁcity).
DISCUSSION
For patients with high-grade BTAI, this novel aortic
injury risk score accurately identiﬁed lesions that pro-
gressed to rupture. Importantly, the model has a high
negative predictive value for excluding unstable lesions,
uses clinically relevant and readily available components,
and is more accurate than clinical assessment. As such, it
may enhance the management of patients with SVS grade
III and IV BTAI by identifying high-risk lesions and
improving patient selection for early vs delayed aortic
repair.
The radiographic components directly reﬂect the
severity of the aortic lesion. Consistent with the progressive
risk for aortic rupture seen with the expansion of nontrau-
matic thoracic aortic aneurysms,25 larger pseudoaneurysms
reﬂect greater aortic disruption,9,15 and when measured by
the diameter ratio, size was an important independent risk
factor for aortic rupture. Indeed, by accounting for
anatomic variation, the use of a normalized measurement
may be a more accurate method of quantifying aortic pa-
thology and analyzing the relationship between size and
outcomes.26 The width of the hematoma along the
posterolateral descending thoracic aorta had the highest
odds ratio for aortic rupture of any factor. As the most
dependent part of the mediastinum in the supine position,
Fig 2. Aggregate score point distributions for the rupture and
stable groups. The average scores are 6 6 1 for rupture group and
2 6 2 points for the stable group. A cutoff of $4 points was 100%
sensitive, 84% speciﬁc, and 100% accurate for identifying lesions
that were at high risk for aortic rupture.
Fig 3. Receiver operating characteristic curve of the ﬁnal model.
*Represents the test-positive threshold ($4 points).
Fig 4. Operational aortic injury risk score.
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detect and quantify mediastinal hematoma. More broadly,
these results are consistent with the safety of delayed repair
or nonoperative treatment for patients with limited pseu-
doaneurysms and minimal secondary signs of injury, partic-
ularly as a relatively large subgroup of stable patients was
treated without aortic intervention.9,10,16
In contrast, although higher lactate levels are associated
with organ failure and death after major trauma,27 the rela-
tionship among lactate, BTAI severity, and lesion stability
is unclear. Short of frank rupture, large aortic lesions could
potentially contribute to systemic malperfusion through
altered ﬂow dynamics28 or result in tension or tamponade
physiology from extensive mediastinal hemorrhage or he-
matoma. Alternatively, and possibly more likely, elevated
lactate may be a nonspeciﬁc marker of greater force and
injury severity among patients with a higher-grade BTAI.
However, other global measures of injury severity, such
as the Revised Trauma Score and the nonchest Injury
Severity Score, were similar between the stable and rupture
groups in this study. As such, the relationship between
elevated lactate and BTAI remains to be further deﬁned.
Given the moderate accuracy of the standard clinical
assessment demonstrated in this study, this aortic injury
risk score has important clinical utility. For patients pre-
senting in stable condition with a traumatic aortic pseudoa-
neurysm, the superior sensitivity of the aortic injury risk
score for high-risk lesions will more reliably identify those
who should undergo emergency repair. Traditional practice
and established guidelines prioritize management of other
potentially life-threatening injuries over BTAI,17,21,29 but
as this study demonstrates, there is a short, critical window
of opportunity to repair high-risk lesions before overt
rupture. Because the median time between CT diagnosis
and decompensation was w1 hour, all patients identiﬁed
as high risk require expeditious aortic intervention. This
scoremay help identify patients who truly require immediate
aortic repair or simultaneous interventions in a hybridoperating suite with capabilities for traditional trauma and
endovascular surgery.
Conversely, the model’s high speciﬁcity may reduce the
number of unnecessary emergency procedures by helping
to appropriately select patients with high-grade but other-
wise low-risk lesions for delayed repair. Because early aortic
intervention during the acute period after blunt trauma
may exacerbate concurrent injuries and is associated with
higher morbidity and mortality,10-12,14 optimizing selec-
tion for delayed repair should improve patient outcomes.
Future reﬁnement to the model’s accuracy with enhanced
speciﬁcity could further enhance appropriate selection of
patients for delayed repair. More generally, this study con-
ﬁrms that for patients with traumatic aortic pseudoaneur-
ysms, admission physiology, lesion size, and secondary
signs of injury are important factors to consider for optimal
patient management.9
The limitations of this study include its retrospective,
single-center design with potential for confounding vari-
ables and selection biases, particularly from changes in
BTAI management during the study period. Highly sensi-
tive CT imaging and consistent management practices were
applied throughout the study period; however, differences
JOURNAL OF VASCULAR SURGERY
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affected radiographic characteristics and progression to
rupture in some patients. Although the derivation cohort
is from a high-volume trauma center with an established
history of managing BTAI,9,18,21,30 the relatively small
size of the derivation subgroups may limit the scores accu-
racy and performance if applied broadly.
Further, the absence of certain risk-factor combinations
within the study groups is an important limitation of inter-
nal validation by bootstrap analysis within this data set. As
such, external and prospective validation of this preliminary
model is required.
Because our institutional practice includes medical
therapy for patients not undergoing immediate aortic
repair, these ﬁndings do not apply to patients with contra-
indications to nonoperative adjuncts.
CONCLUSIONS
This novel aortic risk score can be calculated on admis-
sion using clinically relevant factors that incorporate patient
physiology, the size of the aortic lesion, and the extent of
the mediastinal hematoma. Although preliminary, for
high-grade BTAI the model reliably distinguishes stable
and unstable lesions with greater accuracy than clinical
assessment alone. Given the short interval between CT
and rupture, this score may identify patients with unstable
lesions that warrant prioritized emergency repair. Prospec-
tive and multicenter study is warranted to further validate
and evaluate the score.
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